Abstract: The production of portland cement-the key ingredient in concrete-generates a significant amount of carbon dioxide. However, due to its incredible versatility, availability, and relatively low cost, concrete is the most consumed synthetic material on the planet. One method of reducing concrete's contribution to greenhouse-gas emissions is the use of fly ash to replace a significant amount of the cement. This paper compares two experimental studies that were conducted to investigate the shear strength of full-scale beams constructed with both high-volume fly ash concrete (HVFAC)-concrete with at least 50% of the cement replaced with fly ash-and conventional concrete (CC). The primary difference between the two studies involved the amount of cementitious material, with one mix having a relatively high-total cementitious content [502 kg=m 3 (850 lb=yd 3 )] and the other mix having a relatively low-total cementitious content [337 kg=m 3 (570 lb=yd 3 )]. Both HVFAC mixes used a 70% mass replacement of portland cement with Class C fly ash. Each of these experimental programs consisted of 16 beams-eight constructed from HVFAC and eight constructed from CC-with three different longitudinal reinforcement ratios. The beams were tested under a simply supported four-point-loading condition. The experimental shear strengths of the beams were compared with both the shear provisions of selected standards (United States, Australia, Canada, Europe, and Japan) and a shear database of CC specimens. This comparison indicates that the HVFAC beams possess superior shear strength compared with the CC beams.
Introduction
Concrete is the most widely used synthetic material in the world, and cement is an essential ingredient in the production of portland cement concrete. The cement industry plays a key role in the world, from both an economic and an environmental perspective. In 2011, world cement output was estimated at 3.4 × 10 9 t (U.S. Geological Survey 2012). Cement production is also a relatively significant source of global carbon dioxide (CO 2 ) emissions, accounting for approximately 4.5% of global CO 2 emissions from the industry in 2007 (Marland et al. 2008) . According to the World Business Council for Sustainable Development, emissions from cement manufacturing vary across worldwide regions from 0.73 to 0.99 kg (1.6 to 2.2 lb) of CO 2 for each kilogram (pound) of cement produced (Hanle et al. 2012) .
One of the solutions for this global concern is the use of supplementary cementitious materials as replacement of cement. The most available supplementary cementitious material worldwide is fly ash, a by-product of coal-burning thermal power stations (Bilodeau and Malhotra 2000) . The ASTM C618 (ASTM 2012d) defines fly ash as "the finely divided residue that results from the combustion of ground or powdered coal and that is transported by flue gasses." According to the American Concrete Institute (ACI) 232.2R-03 standard, fly ash is categorized into the following three classes: class N, F, and C based on the chemical compositions (ACI Committee 232 2003) .
Fly ash has been used in the United States since 1930; Davis et al. (1937) were the first researchers to publish their results about using fly ash in concrete (ACI 232.2R-03; ACI Committee 232 2003) . Initially, fly ash was used in massive structures like the Thames Barrage in the United Kingdom and the Upper Stillwater Dam in the United States, with about 30-75% mass replacement of hydraulic cement to reduce heat generation (ACI 232.2R-03; ACI Committee 232 2003) . Subsequent research (Dunstan 1976 (Dunstan , 1980 (Dunstan , 1984 has shown several beneficial aspects of using fly ash in concrete such as low permeability and high durability.
Traditionally, fly ash used in structural concrete as a replacement or supplementary material has been limited to 15-25% cement replacement (ACI Committee 211 1993; Berry et al. 1994) , except in high-strength concrete where replacement levels of portland cement at 35% are more common to control peak hydration temperature development (Myers and Carrasquillo 1999) . When a significant amount of fly ash is used, how it contributes to the strength development of the concrete and the hydration characteristics of this type of material are of significant research interest. High-volume fly ash concrete (HVFAC) is a concrete generally defined as that with at least 50% of the portland cement replaced with fly ash. In 1986, the Canadian Centre for Mineral and Energy Technology (CANMET) developed HVFAC for structural applications. The investigations by CANMET (Malhotra 1986 ) and also other researchers (Gopalan 1993) have shown that HVFAC has lower shrinkage, creep and water permeability, and higher modulus of elasticity compared with conventional concrete (CC).
Comprehensive research has been completed on both the fresh and hardened properties of HVFAC, but very little research has been performed on the structural behavior of HVFAC. Rao et al. (2011) performed tests on four beams constructed with 50% Class F fly ash replacement of cement. The beams had no shear reinforcement, longitudinal steel ratios of 0.6%, 1.0%, 2.0%, and 2.9%, and shear span-to-depth ratios of 2.5. The results indicated shear strengths approximately 5% lower than CC. However, the specimens used by Rao et al. measured only 100 × 200 mm (4 × 8 in:) in cross section, significantly less than what would be termed fullscale specimens, and unlike many other materials, the shear performance of reinforced concrete is affected by what is termed the size effect, meaning that results are not generally scalable. Koyama et al. (2008) studied shear behavior of beams with 25% and 50% fly ash replacement of the fine aggregate, which corresponds to 46% and 61% equivalent replacement of cement with fly ash. The beams had a cross section of 250 × 400 mm (10 × 16 in:) and span lengths ranging from 360 to 720 mm (14 to 28 in.). For the 46% fly ash replacement level, the test results indicated shear strengths ranging from 91% to 110% of design code-predicted strengths for CC, whereas for the 61% fly ash replacement level, the test values ranged from 92% to 135% of design code-predicted strengths. However, the beams had shear span-to-depth values of 1.0, 1.5, and 2.0, classifying them all as deep beams with respect to shear behavior, and the majority of actual structures have beam depths that result in diagonal tension (beam shear) behavior. Cross et al. (2005) investigated the performance of three simply supported reinforced concrete beams measuring 152 × 254 mm (6 × 10 in:) in cross section and constructed with a mixture containing 100% fly ash replacement of cement. However, all of the beams were designed to fail in flexure.
Research Significance
Based on a review of the existing literature, there is a lack of fullscale shear testing of HVFAC specimens. Without this background, there is no quantitative basis for safely implementing HVFAC in structural design. Consequently, the authors, in conjunction with the Missouri Department of Transportation (MoDOT), developed a testing plan to evaluate shear strength of HVFAC (70% replacement of portland cement with a Class C fly ash). The investigators developed two HVFAC mixes that covered the range of potential mix designs used by MoDOT in the construction of transportationrelated infrastructure. One mix design had a relatively lowtotal cementitious content of 337 kg=m 3 (570 lb=yd 3 ), whereas the other had a relatively high-total cementitious content of 502 kg=m 3 (850 lb=yd 3 ). The experimental program, test results, and analyses for this study are presented in the following discussion.
Experimental Program

Specimen Design
Study A consisted of the high-cementitious content mix, whereas Study B consisted of the low-cementitious content mix, with each study consisting of 16 beams-eight constructed from HVFAC and eight constructed from CC-for a total of 32 specimens. The beams contained three different longitudinal reinforcement ratios designed to preclude flexural failure and satisfy the minimum and maximum longitudinal reinforcement requirements of ACI 318-08/318R-08 (ACI Committee 2011). All beams of both studies had a rectangular cross section with a width of 305 mm (12 in.), a height of 457 mm (18 in.; Table 1 and Fig. 1 ), and shear span-to-depth ratios of 3.0 or greater. The beam designation included a combination of letters and numbers: NS and S stand for no stirrups and stirrups, respectively. The numbers 4, 5, 6, and 8 indicate the number of #22 (#7) longitudinal reinforcement bars within the tension area of the beam section. For example, NS-6 indicates a beam with no stirrups and 6 #22 (#7) bars within the bottom of the beam (Table 1) . Although Study A used closed stirrups and Study B used U-shaped stirrups, no differences were noted between the behavior of these beams, and for both studies, when stirrups were used within the shear-test regions, they yielded at failure. Table 2 shows the physical properties and chemical compositions of cement and fly ash.
Materials
Both concrete mixtures used the same basic constituents and reinforcing steel. The cement was an ASTM Type I/II portland cement (Lafarge), and the fly ash was an ASTM Class C fly ash from the Ameren Labadie Power Plant (Labadie, Missouri). The powder activators used in the HVFAC mixtures consisted of recycled Table 3 contains the tested mechanical properties of the reinforcing steel.
Mixture Proportions
A local ready-mix concrete supplier (Rolla, Missouri) delivered the concrete mixtures with a target compressive strength of 28 MPa (4,000 psi). The purpose of using the ready-mix supplier was to validate the HVFAC concept in actual concrete-production runs. The mixture proportions are given in the HVFAC mixes, the gypsum was used to maintain the initial hydration stage by preventing sulfate depletion, while the calcium hydroxide ensured a more complete hydration of the fly ash with the low content of portland cement in the mix (Bentz 2010) . The drums were charged at the ready-mix facility with the required amounts of cement, fly ash, sand, coarse aggregate, and water, while the powder activators (gypsum and lime) were added when the truck arrived at the laboratory, approximately 5 min later. After the gypsum and lime were added, the HVFAC was mixed at high speed for 10 min. For the CC mixes, all of the constituents were added at the ready-mix facility.
Fabrication and Curing of Test Specimens
Specimens were constructed and tested in the Structural Engineering High-Bay Research Laboratory at Missouri University of Science and Technology. After casting, the beam specimens and the quality control/quality assurance companion cylinders [ASTM C39/C39M-12 (ASTM 2012c) and ASTM C496/C496M-11 (ASTM 2011)] and beams (ASTM C78/C78M-10; ASTM 2010b) were covered with both wet burlap and a plastic sheet. All of the beams and companion cylinders were moist cured for 3 days and, after formwork removal, were stored in the laboratory until they were tested. Table 5 presents the fresh and hardened strength properties of the CC and HVFAC mixes.
Test Setup and Procedure
A load frame was assembled and equipped with two 490-kN (110-kips) servohydraulic actuators intended to apply the two-point loads to the beams. The load was applied in a displacement control method at a rate of 0.50 mm= min. The shear beams were supported on a roller and a pin support, 300 mm from each end of the beam, creating a four-point-loading situation with the two actuators. Linear variable differential transformer (LVDT) and strain gauges were used to measure the deflection at the beam center and strain in the reinforcement, respectively. The strain gauges were installed on the lower layer of the bottom longitudinal reinforcement at midspan (maximum flexural moment location) and quarter point along the span (middle of the shear-test region). For the sections with stirrups within the shear-test region, strain gauges were also installed on these stirrups. Fig. 2 shows both the beam-loading pattern and the location of the strain gauges. During the test, any cracks formed on the surface of the beam were marked at load increments of approximately 22 kN (5 kips), and both the deformation and strains were monitored until the beam reached failure.
Test Results, Analysis, and Discussion
The following section discusses test results in terms of general behavior and also compares test results with different codes and a shear database of CC specimens. Furthermore, the discussion includes statistical analyses performed to evaluate whether there is any statistically significant difference between the shear strengths of the HVFAC and the CC beams. Finally, the study also includes fracture-energy tests performed to interpret any differences between the shear strength of both mixes. Table 6 summarizes the compressive strength at the time of testing, shear force at failure, V test , average shear stress at failure, V test =b w d, ratio of the average shear stress to compressive strength, v test =f 0 c , and ratio of the average shear stress to square root of the compressive strength,
Test Results
The average shear stress of the CC beams varies from 3.4% to 5.6% of the compressive strength for Study A and from 3.4% to 4.8% of the compressive strength for Study B. However, for the HVFAC beams, the average shear stress increased to 4.4-6.8% of the compressive strength for Study A and 3.6-8.5% of the compressive strength for Study B. Another useful comparison is to examine the last column in Table 6 relative to ACI 318-08/ 318R-08 (ACI Committee 2011) Eq. (11-3), rewritten in terms of average shear stress for normal-weight concrete and shown as Eq. (1). The ratio of experimental shear stress to square root of compressive strength for the beams without stirrups exceeded the ACI value of 0.17 for all of the beams tested, both CC and HVFAC, even at low longitudinal reinforcement ratios
General Behavior (Cracking and Failure Mode)
In terms of crack morphology, crack progression, and loaddeflection response, the behavior of the HVFAC and CC beams was virtually identical. All of the beams failed in shear. For the beams without shear reinforcing, failure occurred when the inclined flexure-shear crack penetrated to the compression zone of the beam near the loading plate before yielding of the longitudinal reinforcement, as observed in Fig. 3 . For the beams with shear reinforcing, failure occurred when the stirrups crossing the critical flexure-shear crack reached yield. Based on data collected from the strain gauges, none of the longitudinal reinforcement reached yield at failure, and as expected, all of the stirrups yielded. Crack progression in the beams began with the appearance of flexural cracks in the maximum moment region, followed by additional flexural cracks forming between the load and support regions as the load was increased. Upon further increasing the applied load, the majority of the flexural cracks developed vertically and, after that, inclined flexure-shear cracks began to appear. As the load increased further, the inclined cracks progressed both upward toward the applied load plate and horizontally along the longitudinal reinforcement toward the support (Fig. 3) . Fig. 3 offers a direct visual comparison of the crack shape and distribution at failure for both the HVFAC and CC beams, which are indistinguishable from each other. Fig. 4 shows the load-deflection behavior for the beams without shear reinforcing and with different longitudinal reinforcement ratios (the deflection was measured at midspan). Before the first flexural cracks occurred (Point A), all of the beams displayed a steep linear elastic behavior. After additional application of load, the beams eventually developed the critical flexure-shear crack, which resulted in a drop in load and redistribution of the internal shear in some of the specimens (Point B for example). After this redistribution, the beams were able to support additional load until reaching failure. As expected, sections with a higher percentage of longitudinal reinforcement had a higher shear capacity, which can be attributed to a combination of additional dowel action (Taylor 1972 (Taylor , 1974 , tighter shear cracks and thus an increase in aggregate interlock, and a larger concrete compression zone due to a downward shift of the neutral axis.
Comparison of Test Results with Shear Provisions of Applicable Standards
In the following section, the experimental shear strengths of the beams are compared with the shear provisions of the following standards: AASHTO load and resistance factor design (LRFD) (AASHTO 2010) : Strain gauge Fig. 2 . Load pattern and location of strain gauges on the test beams for Study A and Study B, respectively. In comparing the two studies, the ratios are very similar, particularly given the wide scatter normally associated with shear testing of reinforced concrete. Most importantly, the ratios for the vast majority of the beams in all the selected standards are greater than one. This result indicates that existing code provisions conservatively predict the shear strength of HVFAC beams. For the CC beams without stirrups, the ratios range from 0.96 to 1.48 for Study A and 0.91 to 1.41 for Study B. For the HVFAC beams without stirrups, the ratios range from 1.01 to 1.92 for Study A and 1.06 to 1.85 for Study B. On average, the ratios for the HVFAC beams were higher than those for the CC beams, indicating that the HVFAC beams exceeded the code-predicted strengths by a larger margin. For the beams with stirrups, the ratios were in much closer agreement between the two concrete types, most likely due to the greater predictability of the stirrup-capacity portion of the shear strength, with ratios ranging from 1.16 to 1.60 for the CC and 1.24 to 1.60 for the HVFAC. For both studies and both concrete types, the AASHTO LRFD, AS-3600, CSA, and Eurocode 2 offered the closest agreement between experimental and code-predicted strengths.
All of the design codes attempt to quantify the complex and highly variable nature of shear behavior of reinforced concrete in different ways, balancing conservativeness with complexity. With regard to the concrete contribution to shear strength, the design-code provisions are generally a function of the depth, compressive strength of the concrete, and longitudinal reinforcement ratio of the section. However, the codes define the aforementioned factors differently; for example, some provisions use effective flexural depth as effective depth (e.g., ACI 318) while some use effective shear depth (e.g., AASHTO LRFD). Furthermore, the relative influence of different factors is not the same in all the codes as, for example, AASHTO LRFD, ACI 318, CSA, and JSCE use the square root of the compressive strength of the concrete while others use the cube root. In addition, most of the code provisions are empirical, but some of them are semiempirical such as AASHTO LRFD (AASHTO 2010) and CSA CAN3-A23.3 (CSA 2004) that are based on the modified compression field theory. With regard to the shear contribution of stirrups, some design codes use a constant truss angle model (e.g., ACI 318, JSCE) while others use a variable truss angle model (AASHTO LRFD, CSA). As shown in the following section, the extensive database of shear-test results has an extremely high degree of variability due to the complex nature of this brittle failure mode. As a result, some codes, such as ACI 318, use a more simplified yet conservative approach to shear strength while others, such as AASHTO LRFD, use a more complex and generally less conservative approach. The most important point to note with regard to the code comparisons presented in this paper is how the two concrete types compare within a given code.
Comparison of Test Results with Shear-Test Database
Fig. 5 presents the normalized shear strength versus longitudinal reinforcement ratio for the beams of this study as well as the wealth of shear-test data available in the literature (Reineck et al. 2003) . Given the significant scatter of the database of previous shear-test results, it is somewhat difficult to draw definitive conclusions on the current test values. Nonetheless, visually, Fig. 5 seems to indicate that the CC and HVFAC test results fall within the central portion of the data and follow the same general trend of increasing shear strength as a function of the longitudinal reinforcement ratio. In addition, statistical analysis of the data indicates that the CC and HVFAC test results fall within a 95% confidence interval of a nonlinear regression-curve fit of the database. Furthermore, a significant majority of the HVFAC test results fall at or above the nonlinear regression-curve fit. This result indicates that the test values are very consistent with the wealth of shear-test data available in the literature and that, in general, the normalized HVFAC test results tend to be greater than CC.
Because the span-to-depth ratio plays a significant role in the shear strength of beams (Taylor 1972 (Taylor , 1974 ), Fig. 6 shows the normalized shear strength for the beams of this study with the portion of the database that had similar span-to-depth ratios of the current study [span-to-depth ratio AE5% (2.9-3.4)]. It can be seen from Fig. 6 that the test results of this current study are within a 95% confidence interval of a nonlinear regression-curve fit of this subset Note: COV = coefficient of variation. of the shear database, with the majority falling above the curve fit. As a result, it would appear that the shear strength of HVFAC is higher than CC for the beams tested in this investigation.
Statistical Data Analysis
Statistical tests were used to evaluate whether there is any statistically significant difference between the normalized shear strengths of the HVFAC and the CC beams. To compare the test results of both the HVFAC and the CC beams, the results must be adjusted to reflect the different compressive strengths of the specimens. The shear strength of a beam is generally a function of the square root of the compressive strength of the concrete [Eq. (1)]. Therefore, to normalize the data for comparison, the shear strengths were divided by the square root of compressive strength. Both parametric and nonparametric test methods were used to analyze the data. The paired t-test is a statistical technique used to compare two population means. This test assumes that the differences between pairs are normally distributed. If this assumption is violated, the paired t-test may not be the most powerful test. As mentioned earlier, because the shear strength of HVFAC appears higher than that of the CC beams, the following hypothesis is used for the paired t-test:H o : The means of the shear capacity of the HVFAC beams are not greater than CC.H a : The means of the shear capacity of the HVFAC beams are greater than CC.
The statistical computer program Minitab 15 was used to perform these statistical tests. Both Kolmogorov-Smirnov and Anderson-Darling tests showed that the data-the differences between the shear capacities of the HVFAC and the CC beamsfollow a normal distribution. Therefore, the paired t-tests could be performed. The result of the paired t-test showed that the P values were 0.879 and 0.963 (>0.05) for Studies A and B, respectively. This confirms the null hypothesis at the 0.05 significance level. In other words, the shear capacity of the HVFAC is statistically higher than the CC beams tested in this investigation and not within the variation of the results.
Unlike the parametric tests, nonparametric tests are referred to as distribution-free tests. These tests have the advantage of requiring no assumption of normality, and they usually compare medians rather than means. The Wilcoxon signed-rank test is usually identified as a nonparametric alternative to the paired t-test. The hypothesis for this test is the same as those for the paired t-test. The Wilcoxon signed-rank test assumes that the distribution of the difference of pairs is symmetrical. This assumption can be checked; if the distribution is normal, it is also symmetrical. As mentioned earlier, the data follow a normal distribution and the Wilcoxon signed-rank test can be used. The P values for the Wilcoxon signed-rank were 0.860 and 0.995 (>0.05), which confirmed the null hypothesis at the 0.05 significance level. Interestingly, the P values for both the paired t-tests (parametric test) and the Wilcoxon signed-rank test (nonparametric test) are very close to each other.
Overall, results of the statistical data analyses showed that the normalized shear capacity of the HVFAC is statistically higher than the CC for the beams tested in this investigation.
Fracture Mechanics Testing and Discussion
Some researches (Bažant and Yu 2005; Gastebled and May 2001; Xu et al. 2012 ) have used fracture mechanics approaches to predict the shear strength of reinforced concrete members without stirrups. Bažant and Yu (2005) proposed size-effect equations [Eq. (2)] for shear strength of reinforced concrete members without stirrups. Gastebled and May (2001) presented an analytical model [Eq. (3)] based on the fracture energy for splitting tensile-crack propagation that releases longitudinal reinforcement from surrounding concrete (Mode I fracture energy). More recently, Xu et al. (2012) proposed Eq. (4) based on the required fracture energy to release interface bond resistance between the steel and concrete (Mode II fracture energy).
where ρ = longitudinal reinforcement ratio; a s = shear span of beam; d a = maximum aggregate size; E s = modulus of elasticity of steel; V c = shear force provided by concrete. As a result, the authors performed fracture-energy tests on both the CC and HVFAC mixes to determine the potential cause of the increased shear strengths for the HVFAC. The fracture-energy tests were performed based on RILEM TC 50-FMC (1985) on both the CC and HVFAC mixes using the standard three-point, notched specimen, bend test. The beam specimens measured 150 × 150 × 600 mm (6 × 6 × 24 in:) with a span length of 450 mm (18 in.). The notch -which was cast into the concrete as opposed to being saw cut after the concrete hardened-had a depth of 40 mm (1.5 in.) and a thickness of 6 mm (0.25 in.). A clip gauge measured the crack mouth-opening displacement, two LVDTs measured deflection at midspan of the beam, and self-weight compensation was provided through lever arms. The tests were performed using a closed Results of the fracture-energy tests were normalized in terms of concrete compressive strength using Eq. (5) (Bazant and Becq-Giraudon 2002) . On average, the HVFAC mixes of Studies A and B had normalized fracture energies 12% and 17% higher than the CC mix, respectively (Table 5 ). In comparison, for the fullscale shear-specimen tests, the HVFAC mixes of Studies A and B had on average, normalized shear strengths 14% and 21% higher than the CC mix, respectively. It would appear that the cementitious matrix formed by the HVFAC results in higher fracture energies than a conventional portland cement matrix, leading to a corresponding increase in shear strength 
where α o ¼ 1 for rounded aggregate and 1.44 for crushed or angular aggregate and w=c is water-to-cement ratio.
Comparison of Reinforcement Strains from Experiment and AASHTO LRFD
According to the AASHTO LRFD standard (AASHTO 2010), strain in the longitudinal tension reinforcement can be determined by Table 9 presents the tensile strain in the longitudinal tension reinforcement at the quarter point of the span (middle of the shear-test region) obtained from both the experiments (strain gauges) and the AASHTO LRFD (AASHTO 2010) equation. The AASHTO LRFD equation estimates the strain for both the HVFAC and CC beams very well for low and medium reinforcement ratios (NS-4 and NS-6), but it underestimates the strain for the sections with higher reinforcement ratios (NS-8 and S-8). As it can be seen from Table 9 , Eq. (6) predicts the longitudinal steel strain for the HVFAC beams slightly better than the CC beams.
Conclusions and Recommendations
To evaluate the shear capacity of the HVFAC, this paper compares the results of two experimental studies, each with a different mix design based on a 70% replacement of portland cement with Class C fly ash. Each study included 16 full-scale beams constructed with three different longitudinal reinforcement ratios. The behavior of the HVFAC was examined in terms of crack morphology and progression, load-deflection response, failure mechanism, predicted strengths from design standards, comparison with a CC shear-test database, a fracture mechanics evaluation, and Note: COV = coefficient of variation; X = no usable data.
reinforcement strains at failure. Based on the results, the following conclusions are presented:
• In terms of crack morphology, crack progression, and loaddeflection response, the behavior of the HVFAC and CC beams was virtually identical.
• Existing design standards conservatively predicted the capacity of the HVFAC beams.
• In general, the HVFAC beams exceeded the code-predicted shear strengths by a larger margin than the CC beams.
• The total cementitious content had little effect on the shear behavior of the HVFAC beams.
• The HVFAC and CC test results fall within a 95% confidence interval of a nonlinear regression-curve fit of a CC shear-test database.
• A significant majority of the HVFAC test results fall at or above the nonlinear regression-curve fit of the CC shear-test database.
• It would appear that the cementitious matrix formed by the HVFAC results in higher fracture energies than a conventional portland cement matrix, leading to a corresponding increase in shear strength.
• The AASHTO LRFD equation estimates strain in the longitudinal steel very well for low and medium reinforcement ratios, but it underestimates the strain for sections with higher reinforcement ratios for both the HVFAC and CC beams.
• In general, the AASHTO LRFD equation estimates strain in the longitudinal steel for the HVFAC slightly better than the CC. Based on the specimens investigated, it would appear that existing design codes for CC are equally applicable to HVFAC. However, although very promising, the two studies examined only two potential variables-total cementitious content and longitudinal reinforcement ratio. Existing design codes for conventional reinforced concrete are based on a significant database of test results that also examined variables such as size effect, shear spanto-depth ratio, aggregate type and content, and compressive strength. The effect of these same variables on the shear behavior of HVFAC must also be investigated to arrive at the same level of reliability for this sustainable material.
